Retroviral virions initially assemble in an immature form that differs from that of the mature infectious particle. The RNA genomes in both immature and infectious particles are dimers, and interactions between the RNA dimer and the viral Gag protein ensure selective packaging into nascent immature virions. We used high-sensitivity selective 2=-hydroxyl acylation analyzed by primer extension (SHAPE) to obtain nucleotide-resolution structural information from scarce, femtomole quantities of Moloney murine leukemia virus (MuLV) RNA inside authentic virions and from viral RNA extracted from immature (protease-minus) virions. Our secondary structure model of the dimerization and packaging domain indicated that a stable intermolecular duplex known as PAL2, previously shown to be present in mature infectious MuLV particles, was sequestered in an alternate stem-loop structure inside immature virions. The intermediate state corresponded closely to a late-folding intermediate that we detected in time-resolved studies of the free MuLV RNA, suggesting that the immature RNA structure reflects trapping of the intermediate folding state by interactions in the immature virion. We propose models for the RNA-protein interactions that trap the RNA in the immature state and for the conformational rearrangement that occurs during maturation of virion particles.
A n early step in the formation of an infectious retroviral particle involves the association of retroviral RNA with the cell membrane via interactions with the viral Gag protein. Budding from the cell yields a particle in which Gag protein domains are arrayed roughly in concentric spheres and the RNA is bound in the interior of the particle. Subsequent cleavage of the Gag structural protein results in large-scale rearrangements to yield a mature particle with a complex structure (1, 2) . The genomic RNA also undergoes conformational rearrangements during particle maturation (3) (4) (5) . In both immature and mature particles, two copies of the genomic RNA are present, and it is known that the structure adopted by the immature form of the viral RNA is less thermodynamically stable than and is structurally distinct from that of the mature form (4, 6) . Little is known about the details of the structures adopted by the genomic RNA due to the extraordinary difficulty of producing sufficient retroviral RNA in the immature state for analysis using conventional structure-probing approaches.
Selective 2=-hydroxyl acylation analyzed by primer extension (SHAPE) allows the RNA structure to be examined at single-nucleotide resolution (7) (8) (9) . RNA is treated under conditions of interest with 1-methyl-nitroisatoic anhydride (1M7) (10) or other SHAPE reagents (7, 11) that react with flexible (single-stranded) nucleotides to form a bulky RNA adduct. After primer extension, the cDNAs can be separated by capillary electrophoresis (CE), and adduct locations are identified. The reactivity profile provides a measure of flexibility at each nucleotide and, indirectly, the likelihood that a given nucleotide is base paired (Fig. 1A) . SHAPE has been used to develop models for many important retroviral RNA structures, including entire HIV-1 (12) and simian immunodeficiency virus (SIVmac) (13) genomes and the mature Moloney murine leukemia virus (MuLV) dimerization and regulatory domain (14) . Structural analysis of authentic immature retroviral RNA is challenging because purification of virions from even large volumes of cell cultures from infected or transfected cells typically yields only attomole to femtomole (10 Ϫ18 to 10 Ϫ15 ) quantities of material, and conventional applications of CE-based structural technologies, including SHAPE, require picomole quantities of RNA (8) .
We have improved the limits of CE-based detection by 4 orders of magnitude by designing instruments with subfemtomole SHAPE sensitivity (15) . Here we describe the application of high-sensitivity SHAPE to an analysis of the secondary structure of the dimerization and packaging domain of MuLV in immature virions. The structure of the regulatory domain inside immature, noninfectious particles differed from that in mature particles. The immature RNA dimer structure was similar to that of a kinetic intermediate observed during the folding of the free RNA. Based on high-resolution structural information for the immature RNA dimer and based on phenotypes of viruses with mutations in the dimerization and packaging domain, we propose a structural model for this domain within packaged, immature genomic RNA. 
MATERIALS AND METHODS
Immature MuLV virions and ex virio RNA dimer isolation. Immature MuLV virion RNA was generated by using a mutant virus in which the active site of the viral protease (PR) contains an aspartate-to-leucine substitution (D32L) (3, 4) . Because the PR-negative (PR Ϫ ) virus cannot cleave Gag, maturation is inhibited, and the virion remains in the immature and noninfectious state. Immature virions were produced by transfection of proviral plasmids into 293T cells and isolated as described previously (12) . Briefly, virus was recovered from clarified cell culture supernatants transfected (using TransIT 293 [MirusBio] ) with the MuLV-PR Ϫ proviral plasmid pRB2719. Virus was collected by ultracentrifugation (Beckman SW-32 rotor at 144,000 ϫ g at 4°C for 1 h). For ex virio RNA isolation, pellets were resuspended in 1 ml lysis buffer (50 mM Tris [pH 7.4], 10 mM EDTA, 1% [wt/vol] SDS, 100 mM NaCl, 100 g/ml proteinase K, 120 g/ml glycogen), incubated at 25°C for 45 min, and extracted three times with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) and once with an equal volume of chloroform. Samples were precipitated in 70% ethanol with 0.3 M NaCl and stored at Ϫ20°C. RNA quantities were determined by real-time reverse transcriptase PCR using an MuLV gag transcript as a standard (nucleotides [nt] 1 to 1560) (GenBank accession number J02255) and quantification of the resulting gag cDNA target (positions 681 to 757) (forward primer 5=-CGG ATC GCT CAC AAC CAG T-3=, reverse primer 5=-AAG GTT GGC CAT TCT GCA GA-3=, and fluorescent probe 5=-6-carboxyfluorescein [FAM]-TAG ATG TCA AGA AGA GAC GTT GGG TTA CCT-6-carboxytetramethylrhodamine [TAMRA]-3=).
High-sensitivity SHAPE structure probing. Extracted immature MuLV RNA (50 fmol) was incubated in folding buffer (50 mM HEPES [pH 7.5], 200 mM potassium acetate [pH 7.5], and 5 mM MgCl 2 ) at 37°C for 20 min. SHAPE modification was initiated by treating 9 l of the MuLV RNA sample with 1 l 1M7 (50 mM in dimethyl sulfoxide [DMSO]), followed by incubation at 37°C for 2 min. RNA was recovered by using a precipitation approach optimized for the quantitative recovery of low-abundance RNAs (15) (2.5 volumes ethanol, 1 volume isopropanol, and 1 l glycogen [20 mg/ml], with incubation at Ϫ20°C for 60 min and centrifugation at 20,000 ϫ g). Pellets were resuspended in 6 l 1/2ϫ TE (5 mM Tris, 0.5 mM EDTA [pH 8.0]) buffer. For the in virio SHAPE experiments, 0.86 liters of virus in clarified transfected culture supernatants was collected by ultracentrifugation as described above and resuspended in 300 l of a solution containing 50 mM HEPES, 200 mM NaCl, 0.1 mM EDTA, and 10% (vol/vol) fetal bovine serum (FBS) (pH 8.0). The sample was divided into two parts, and each part was treated with either DMSO or 5 mM 1M7 (final concentration). To isolate viral RNA, DMSOand 1M7-treated virions were collected by ultracentrifugation, and the pellets were dissolved in 0.2 ml of lysis buffer (50 mM Tris [pH 7.4], 10 mM EDTA, 1% [wt/vol] SDS, 100 mM NaCl, 20 mM dithiothreitol, and 1.0 mg/ml proteinase K), incubated at 25°C for 45 min, and extracted three times with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) and once with an equal volume of chloroform. RNA samples were precipitated in 70% (vol/vol) ethanol with 0.3 M NaCl and stored at Ϫ20°C.
Primer extension was performed as described previously (8, 16) . DNA primers incorporated locked nucleic acid (LNA) nucleotides to increase binding affinity and stringency for low-copy-number RNAs (17) (18) (19) . MuLV primers (5=-GGUGC ACCAA AGAGU CCAAA AGC-3=, 5=-end labeled with 5-FAM or 6-JOE [LNA positions are underlined]) annealed to the 3= end of the MuLV dimerization domain (nucleotides 422 to 445). Primers (0.5 l; 2 fmol) were annealed to MuLV RNA (6 l; ϳ50 fmol in 1/2ϫ TE buffer) by heating at 65°C and 45°C for 5 min and then snapcooling on ice. Reverse transcription buffer (3 l) (200 mM Tris [pH 8.0], 250 mM KCl, 10 mM MgCl 2 , 2 mM each deoxynucleoside triphosphate [dNTP], 20 mM dithiothreitol [DTT] ) was added at 0°C, and primer extension was performed with Superscript III (Invitrogen) reverse transcriptase (0.5 l; 100 U) at 45°C for 1 min, followed by incubation at 52°C and 65°C for 10 min each. Reaction mixtures were cooled to 4°C and quenched by the addition of 3 M sodium acetate (pH 5.2). A sequencing marker was generated by adding 0.5 l dideoxy-GTP (10 mM) to the primer extension reaction mixture using unmodified RNA. The 1M7 and DMSO reaction mixes were each combined with equal amounts of dideoxy-GTP-terminated sequencing ladders, precipitated with ethanol, and resuspended in deionized formamide (20 l).
Capillary electrophoresis. MuLV cDNA fragments, extended from 50 fmol of input RNA, were resolved by high-sensitivity capillary electrophoresis (15) . Samples (10 l) in deionized formamide were electrokinetically injected (10.2 kV for 30 s) onto a 47-cm (50-m-inner-diameter) uncoated capillary containing Pop7 (Applied Biosystems) as the internal polymer. The detection window was placed at 36 cm. Voltage was applied by using positive polarity (10.2 kV for 60 min) and immersing the capillary ends in 1ϫ running buffer (Applied Biosystems). The photomultiplier tube voltages were 0.9 kV, and the laser power was 2 mW. Excitation was achieved at 488 and 514 nm by using an argon laser focused within the capillary at the detection window. 5-FAM was used to detect cDNAs corresponding to SHAPE structure probing, and the lower-sensitivity dye 6-JOE was used for sequencing.
Data processing and structure modeling. Raw sequence traces were corrected for dye variation and signal decay; peak intensities were integrated by using ShapeFinder (20) . Traces were analyzed by combining data from two separate capillary runs. Each capillary electrophoresis separation contained (i) a reaction performed in the presence or absence of 1M7 (detected by using a FAM-labeled primer) and (ii) a sequencing reaction (labeled with JOE) performed by using dideoxy-GTP. Data from the two runs were aligned by using identical sequencing lanes and analyzed as described previously (20) . SHAPE reactivities were normalized by dividing by the average intensity of the 10% most reactive nucleotides, after excluding outliers identified by box plot analysis (21) . SHAPE reactivity information was used to impose a pseudo-free-energy change constraint in conjunction with nearest-neighbor thermodynamic parameters in the RNAstructure prediction program (21) (22) (23) . For comparison of the free RNA and in-virion RNA experiments, protection factors (24) were calculated as (free RNA Ϫ in-virion RNA)/(in-virion RNA), where free RNA and in-virion RNA indicate the SHAPE intensities at each position. S ؉ /L ؊ viral replication assay. The S ϩ /L Ϫ focus assay enumerates virus particles capable of undergoing several replication cycles in the assay cells over a 4-to 5-day period. The assay was performed as described previously (25) . Wild-type and mutant virus particles were produced by transient transfection of 293T cells. The virus-containing culture fluids were serially diluted and inoculated onto the S ϩ /L Ϫ assay plates; foci were counted 4 to 5 days later. To quantitate the level of physical virus particles in the fluids, we also measured reverse transcriptase activity (26) . Infectivity titers, expressed in focus-inducing units/ml, were normalized to the reverse transcriptase activities so that the results could be expressed as specific infectivity. Results are reported as a percentage of the wild-type specific infectivity with standard errors calculated from duplicate measurements.
RESULTS
SHAPE analysis of MuLV RNA in immature particles. Immature MuLV virions were produced by transfecting cells with a mutant proviral plasmid expressing a viral protease that is inactivated by an active-site point mutation, D32L (2, 3). As the Gag polyprotein is not cleaved in the resulting virions, viral maturation is halted at the immature stage, and this PR Ϫ virus cannot replicate (1, 4, 5) . A highly optimized, large-scale preparation from a liter of a transfected-cell culture yielded only a few picomoles of immature viral RNA.
We used high-sensitivity SHAPE, developed precisely for the structural analysis of authentic, low-abundance RNAs, to analyze the MuLV dimerization and packaging regulatory domain (24, (27) (28) (29) , of approximately 170 nucleotides. RNAs were extracted from virions under mild, nondenaturing conditions designed to preserve preexisting RNA structures. SHAPE was performed on aliquots of 50 fmol of the RNA. Processed SHAPE reactivities were used to develop a model for the secondary structure of the regulatory domain (Fig. 1) .
We compared the SHAPE probing data and the resulting dataconstrained secondary-structure models obtained for genomic RNA isolated from immature virions with previous data on the mature MuLV RNA genome (14) . This comparison supports an overall architecture for the immature RNA that is similar to that of MuLV RNA in mature virions (14, 24) . The RNA strands in the mature dimer state are linked by four major interaction motifs (termed PAL1, PAL2, SL1, and SL2). Nucleotides in the apical loops in SL1 and SL2 are generally unreactive toward SHAPE, consistent with the formation of an intermolecular kissing interaction between nucleotides in these loops in both the immature and mature states (30) (Fig. 1B) . Modest SHAPE reactivity at C365 in the loop of SL2 may reflect a slight weakening of this structure in the immature state. The self-complementary sequence, termed PAL1, shows relatively low reactivity in both immature and mature structures, consistent with the formation of a 10-bp intermolecular duplex in both types of structures (Fig. 1B) . In contrast, many nucleotides in a second self-complementary sequence, PAL2, are reactive by SHAPE in the RNA from immature particles but not in the mature genome, consistent with the presence of an intramolecular stem-loop structure in the RNA from immature particles and an intermolecular duplex in the mature virion (nucleotides 283 through 298) (Fig. 1B) . Thus, the RNA conformation is quite different in the PAL2 region for genomes isolated from immature and mature particles (Fig. 1C) .
Immature MuLV RNA resembles a dimerization intermediate. We recently used time-resolved SHAPE to understand the mechanism by which the MuLV nucleocapsid (NC) protein facilitates dimerization of the MuLV RNA genome (31). We also determined the pathway of folding in the absence of protein ( Fig.  2A) . We compared the SHAPE reactivities for nucleotides in the 170-nt dimerization domain obtained in 16 consecutive 1-s snapshots during dimerization of the RNA in the absence of any protein to the SHAPE reactivities of these nucleotides in the immature MuLV RNA. We quantified the similarity between structures that form during the time-resolved dimerization reaction (Fig.  2B ) and those measured for the immature viral RNA (Fig. 1B) by analyses of correlations in SHAPE reactivities.
The profiles obtained during the time-resolved experiment that corresponded to the RNA in the monomer state or in an initial state involving interactions between the SL1 and SL2 stemloops had low correlations with the immature RNA (Pearson's R, ϳ0.2). This low correlation indicates that, as expected, the initial state in the dimerization experiments and the immature state isolated from virions have very different structures (Fig. 2B, left) . In contrast, the correlation between the profile for the immature virion and that at the 10-min time point was high, with an R value of 0.84, indicating that these two RNA structures are highly similar. The correlation was low (R, ϳ0.4) between the profiles of the RNA from the immature virion and those of the fully folded mature structure (Fig. 2B , compare center and right panels). The immature structure thus correlates most strongly to that observed in a single step in the monomer-to-dimer transition (Fig. 2C) . This view is reinforced by directly comparing SHAPE reactivity profiles for protein-free immature RNA and for the 10-min kinetic time point at nucleotide resolution (Fig. 2D) . The overall conformation of the immature state is highly similar to that of a kinetic intermediate in the dimerization of MuLV genomic RNA. SHAPE analysis of MuLV RNA inside immature virions. To examine the extent to which the SHAPE profile of RNA extracted from PR Ϫ immature virions reflected its conformation within these virus particles, we next probed the structure of the MuLV genomic dimer within intact PR Ϫ immature viruses, again using femtomole quantities of RNA (15, 24) . Intact viral particles were treated with 1M7, the modified RNA was extracted, and primer extension products were quantified. SHAPE profiles from the RNA gently extracted from immature virions and from RNA within virions were used to quantify the effect of the in-virion environment on RNA SHAPE reactivities. We calculated a protection factor, equal to the difference in SHAPE reactivities, normalized by the in-virion reactivity. This analysis revealed that two major regions are protected within the virus particle for both the immature and mature particles (positive protection factors) (Fig.  3) . It was previously shown that NC binds to and protects four UCUG sequences in the genomic RNA from chemical modification (24) (Fig. 1B, boxed regions) . Although the protected regions are the same in both immature and mature particles, protection patterns were stronger and more distinct in the immature virions (Fig. 3) . In PR Ϫ immature virions, the NC domain is part of the Gag polyprotein, whereas in mature virions, the polyprotein has been processed. We conclude that the genomic RNA dimer is bound to the NC domain of the Gag protein within immature virions and that these protein-RNA interactions have distinct features in immature and mature virions.
Replication competence of MuLV with mutations in PAL2. The data presented above show that the immature MuLV dimer differs most strikingly from the mature dimer by the fact that the PAL2 region adopts an intramolecular stem-loop structure rather than an intermolecular base-paired helix (Fig. 1B and C) . To examine the biological significance of the differences in PAL2 structure in immature versus mature viruses, we mutated PAL2 sequences and looked for changes in the functional capabilities of the mutant viral genomes. The mutations either completely deleted PAL2 (nt 283 to 297); created a weaker stem in the PAL2 region, which would be unable to form the intermolecular duplex that forms in the mature RNA; or replaced PAL2 (nt 282 to 300) with all uridine residues (Fig. 4, top) . The mutations were placed into an infectious MuLV clone, and the clones were transfected into 293T cells. Virus produced by the transfected cells was assayed for infectivity by the S ϩ /L Ϫ assay (25) . Virus preparations were also assayed for reverse transcriptase activity to normalize for the number of virus particles. We report specific infectivities in each case, corresponding to viral titers, normalized to the reverse transcriptase activity (Fig. 4) .
The mutants in which PAL2 was deleted or the ability of PAL2 to dimerize was disrupted had minimal effects on viral infectivity. Replacing all of PAL2 with U residues reduced the infectivity of the virus by roughly 10-fold (Fig. 4) . The S ϩ /L Ϫ infectivity assay requires an individual virus to undergo multiple rounds of replication during the 4-to 5-day assay interval to produce a focus (25) . The ability of the PAL2 mutants to produce any foci implies that they retained the ability to replicate with nearly the efficiency of the native sequence of MuLV. We also introduced the same mutations into pBabeLuc, an MuLV-derived vector expressing the firefly luciferase gene (32) . The infectivity data obtained with pBabeLuc also showed that changes in PAL2 had relatively little effect on viral replication under the conditions of this assay (data not shown).
DISCUSSION
Two pieces of physical evidence distinguish the immature and mature states of most retroviral RNA genomes examined to date, including that of MuLV. First, cryo-electron microscopy studies showed that the protein architecture of immature virions contains uncleaved Gag polyprotein subunits arranged such that the matrix, capsid, and nucleocapsid domains form concentric spheres (33, 34) . Second, genomic RNA extracted from immature virions has a lower thermal stability than its mature viral counterpart (3, 4, 27, 35) , suggesting a significant difference in secondary structure, although the specific locations of the RNA structural differences were not established in previous studies.
In our work, immature and mature virions were isolated under conditions that were vigorous enough to remove viral proteins and membranes but avoided obvious denaturing steps (see Materials and Methods). We note that there is always the possibility that the extraction process affects the final RNA conformation, especially when analyzing a potential kinetic intermediate. However, RNA structures analyzed inside virions and for the proteinfree RNA were highly similar, outside the Gag or NC binding sites ( Fig. 3) . This similarity suggests that structural effects due to RNA genome isolation, while possible, do not strongly affect the conclusions presented here. Using SHAPE with femtomole (10 Ϫ15 ) detection sensitivity (15), we showed that the packaging domain region of MuLV RNA is structurally distinct from that of the RNA in mature particles. Two copies of the genomic RNA are packaged in each virion. In mature particles, the PAL2 sequence is part of an intermolecular duplex, whereas the SHAPE-directed model for the RNA in the immature particle indicates that this region forms a unimolecular stem-loop structure. There are thus fewer intergenome interactions in the immature particle than in the mature particle, consistent with the lower thermodynamic stability of the dimeric structure in the immature genome observed previously (3, 4, 36, 37) .
Our data show that the NC domain of Gag and mature NC bind in roughly the same region in immature and mature forms of the genomic RNA (Fig. 3) . NC binds to genomic RNA at two sets of tandem UCUG repeats (24) . These motifs (boxed regions in Fig. 1 and 5 ) comprise the primary packaging signal for MuLV; point mutations in these elements reduce genome packaging to background levels (24) . The nucleotide-resolution protection patterns in the immature and mature virions differ, suggesting that the protein-RNA interactions change to become less distinct (Fig. 3) as NC is cleaved from the Gag polyprotein and virions undergo maturation.
We evaluated the replication efficiencies of MuLV variants with changes relative to the wild-type sequence in the PAL2 regions in an in vivo replication assay (Fig. 4) . The changes that we introduced, which were designed to weaken or destroy the PAL2 stem-loop in the monomer (thus mimicking the structure of the immature dimer) or to completely delete PAL2, had relatively little effect on the ability of the virus to replicate itself. This implies that all of the functions of this region of viral RNA, including packaging into virus particles and expression of viral genes, have only a small dependence on the structure or presence of PAL2 under conditions of replication in cell culture. The data are modestly supportive of a model in which a specific structural spacing between and around the tandem UCUG motifs is important but the sequence making up this structure is not. When PAL2 was deleted, the flanking structured regions around both UCUG repeats, SL0 and SL1, remained intact ( Fig. 1 and 5) , consistent with previous studies showing that the optimal NC binding site includes flanking duplex structures (Fig. 5, boxed structure) (24) . In contrast, replacing the PAL2 stem with an unstructured U sequence had a modest effect on viral replication (Fig. 4, right) . This mutation disrupts the structured region-unstructured UCUG repeat region-structured region pattern that mediates optimal NC (or Gag) binding.
Our analysis of MuLV genomic RNA gently extracted from immature viral particles and of RNA inside immature virions revealed that the packaging domain of the immature RNA genome closely resembles an intermediate conformation adopted in a late kinetic step in the dimerization of the MuLV genome (Fig. 2) . These data are consistent with two different models for the state formed between Gag and the immature RNA. In one model, the immature Gag-RNA and mature NC-RNA complexes simply have different lowest-free-energy states. In the other model, the immature complex is packaged in a kinetically trapped state due to interactions within the virion.
The RNA is bound by protein components in the intact immature virion, likely the NC domain of Gag, in roughly the same region as in the final mature virion. The differences that we observed in protection patterns when the immature RNA in virion particles was compared to that in mature particles suggest that the protein-RNA interactions are stronger in immature particles due to either direct protein-RNA interactions or cooperative protein interactions (38) (Fig. 5) . These interactions appear to be strong enough to arrest RNA folding in what corresponds to a highenergy intermediate folding state in the pathway established by analysis of RNA in the absence of protein (31) . Folding into the mature conformation evidently requires processing of the Gag polyprotein.
This work emphasizes the power of SHAPE to identify distinct RNA conformational states in very small quantities of RNA in physiologically relevant complexes. This work supports a model in which MuLV RNA is constrained in the membrane by Gag in a high-energy intermediate state during immature virus assembly. This conformation appears to be trapped due to strong interactions with the nucleocapsid domain of the still-intact Gag polyprotein. Once the Gag polyprotein is cleaved into its four constituent proteins, the genomic RNA folds into its mature infectious form (Fig. 5) , potentially facilitated by the chaperone activity of NC. Model of the high-affinity packaging structure for MuLV based on the recognition of exposed UCUG motifs (40) and the requirement that these sequences occur in a specific three-dimensional structural context involving tandem sequence repeats and flanking double-stranded regions (24) .
